Abstract-This paper presents the modelling and control of a hybrid electric propulsion system designed for unmanned aerial vehicles. The work is carried out as part of the AIRSTART project in collaboration with Rotron Power Ltd. Firstly, the entire parallel hybrid powertrain is divided into two powertrains to facilitate the modelling and control. Following this, an engine model is built to predict the dynamics between the throttle request and the resulting output. It is then validated by comparing with experimental data. On the basis of d-q model of the motor/generator, a good estimation of torque loss at steady state is achieved using the efficiency map. Next, a rule-based controller is designed to achieve the best fuel consumption by regulating the engine to operating around its ideal operating line. Following the integration of the models and controller, the component behaviour and control logic are verified via the final simulation. By enabling the engine to operate at its best fuel economy condition, the hybrid propulsion system developed in this research can save at least 7% on fuel consumption when compared with an internal combustion engine powered aircraft.
INTRODUCTION
Nowadays, a growing number of Unmanned Aerial Vehicles (UAVs) are powered by electric motors (EMs), because of lower emissions and noise, better overall efficiency, and lower maintenance requirements. However, the specific energy of electric energy storage sources, e.g. batteries, is much lower than that of fossil fuel [1 ] . As a result, the internal combustion engine (ICE) is preferred for relatively large or long-endurance UAVs, due to its high power and energy density [2] . The hybrid electric propulsion system (HEPS) combines an electric powertrain with a conventional combustion engine to provide propulsion, in other words, being able to have the energy efficiency of an electric propulsion system with the extended range of an ICE. The aforementioned benefits make HEPS an attractive option to explore for powering UAVs.
The Air Force Institute of Technology (AFIT) has conducted several studies on hybrid electric technologies. Harmon et al. began the project with the design of neural network control for a parallel HEP [ 3 ] . Continuing on from this work, Ausserer [4] and Molesworth [5] implemented the physical integration and validation of a prototype, continuing the theoretical studies, which were started by Harmon. Queensland University of Technology (QUT) also conducted some studies [6] [7] . Glassock et al. successfully downsized the engine and improved the overall propulsive efficiency compared to the non-hybrid system. University of Colorado [7] achieved an increase in fuel efficiency over traditional gas-powered aircrafts, by utilizing a clutch-less gearing system in parallel configuration. Bental Industries [ 8 ] announced a type of "hybrid" engine, combined with an EM acting as a starter for the ICE and also as an alternator for the battery. In 2010, HEPS solution for general aviation was developed by the German aircraft manufacturer -Flight Design [9] .Three years later, the first pilot-operated series hybrid electric airplane (DA36 E-Star) developed by Siemens, completed its debut flight on June 8, 2011 [10] .
HEPS can provide better fuel economy and lower emissions without compromising performance. In addition, it can provide on-board electrical regeneration for powering different systems, but this flexibility and diversity comes at a cost of increase complexity in the modelling and control.
The mean value model (MVM) [ 11 ] is widely used for modelling the engine, because it can simplify phenomena that are too fast or complex. However, some details in MVM, such as inlet manifold dynamics, increase the complexity and cost of modelling. Consequently, a modelling approach that approximates the engine torque response with a first-order or second-order transfer function [12] is largely introduced. This approach further simplifies the modelling but it cannot reveal the relationship between the throttle position and output capability. The first part of this paper presents a model which can estimate the performance of engine control unit (ECU) and link a throttle command with the torque output.
Similar modelling issue also arises when the first or second order system is used for motor/generator modelling [13] . This modelling method prevents unnecessary complexity but it does not cover the electromagnetic characteristics of motor/generator, which are necessary for deriving required voltage and current. The well-established model used to model motor/generator [14] is also used in the paper, but focuses on the estimation of energy losses and the integration of different control loops and inverter/rectifier.
Unlike conventional single-source-powered vehicle, the controller in an HEPS is normally comprised of supervisory controller and low-level component controllers. The supervisory controller functions at the energy management level, splitting power or torque requests between the ICE and electric powertrain [15] . Broadly, it can be classified into rule-based [16] [17] and optimization-based approaches [18] . The rule-based control is made up a series of logic statements and the transition from one mode to another depends on the predefined criteria. Hence, it is reliable, robust and easier to implement when compared with the optimization algorithm approach. As a first step, a rule-based control is developed in this paper to optimize the engine behaviour based on the fuel consumption criterion.
The results presented in this paper are part of the ongoing work performed as part of the AIRSTART project. AIRSTART is a £3.2 million collaborative Research and Development project developing key technologies to support routine small Unmanned Aerial Vehicle (UAV) operations Beyond Visual Line of Sight (BVLOS). Cranfield is working on the hybrid propulsion system, converting a Rotron UAV engine into a hybrid combustion-electric system. The platform for testing the hybrid propulsion system is a remotely piloted multi-purpose UAV-the Aegis. First, the high-level system architecture of the parallel hybrid powertrain is presented, containing the two powertrains. Next, the main components are modelled for example: an engine model is built to represent the dynamics between the throttle request and the resulting output, while the ECU is modelled as a function derived from the experimental-data. The torque loss of motor/generator is estimated using the efficiency map from the manufacturer, which is followed by the development of a three-loop control strategy. The gear ratio is selected based on the analysis of engine fuel map and motor/generator efficiency map. Lastly, the energy management strategy is governed by a series of logics that can enable the engine to operate in the minimum fuel consumption regime. This rule-based controller is also in charge of switching the control mode of motor/generator and the operating mode of the entire HEPS.
The engine model is validated by comparing the simulation results with the experimental data. Finally, the complete HEPS, including the different operating modes is tested in simulation to assess the performance of the models and controller.
HYBRID CONFIGURATION
In a hybrid propulsion system, two or more power sources are combined together to increase the efficiency of the vehicle. There are various hybrid powertrain configurations currently in use. The most commonly used configurations are series, parallel, and series-parallel architecture. Among them, the parallel configuration permits a smaller engine or motor to be used as compared to the series one. The parallel architecture for this configuration is also lighter. In addition, to having the ability to select in which mode to operate e.g. electric, combined mode or internal combustion engine mode only. According to [19] and [20] , the parallel configuration is best suited for long-endurance UAVs.
The high-level parallel hybrid propulsion system developed in this project is shown in Figure 1 . An ECU is used for engine control; and the engine is started using the integrated motor and a dedicated battery. Once the engine started, the integrated motor can also act as a generator to power the aircraft systems (avionics, flight controller, actuators etc.) and the payload via a DC/DC converter. On the other side, the output shaft is connected to the motor/generator through a decoupling device and a reduction gear. An intelligent battery monitoring system monitors the charging/discharging of the battery.
The generator charges the battery if the state-of-charge (SOC) is low. This setup enables the engine to operate in the highest efficiency region with the motor/generator providing the additional power required and also the ability to provide instant power to cover rapid transient demands in power. The proposed energy management strategy can optimize the amount of motor/generator power and the time depending on the operating conditions, the SOC, and the flight mission. Moreover, this architecture also permits the motor, in the event of an engine failure or 'stealth mode', to act as the primary powerplant and drive the propeller.
The engine, motor/generator and battery have a significant impact on the steady-state performance and even the dynamics of the complete HEPS. Hence these three components are modelled in detail in this study as shown in Figure 2 . The remaining parts can be simplified to facilitate the analysis of features of the whole system. The energy flow and components of the two powertrains are shown in Figure  2 . The red line represents the fuel flow to the engine and the corresponding mechanical torque/power produced, while the electric power supports the driver via the blue line. Hereafter, for the analysis carried out in this paper the modelling and control are both based on this simplified architecture. 
A. Modelling
This section presents the modelling of the engine, motor/generator and battery in detail, while all mechanical components (e.g. gear and decoupling device) and the DC/DC converter are simplified. With regard to the propeller, the aerodynamic performance is estimated using the actuator disc theory [21] [22] .
1) Engine-A simplified mean value engine model that does not include manifold dynamics and flow rate dynamics, is used to represent the dynamics between the throttle request and the resulting crankshaft speed of the rotary engine. The engine torque request is calculated as a function of the throttle, engine speed and make-up from the idle speed controller:
.
(
Here, is the torque request and is the idle torque.
is an experimental-data based function which realizes the utility of the ECU. That implies that used here is a virtual throttle command, which is generated by the engine speed controller. The speed controller of engine is modelled as a PI controller, the same as the idlespeed controller. It is worth noting that already includes the engine loss. Therefore, there is no need to estimate that.
The relationship between the engine torque request and the induced torque is given by: ,
where is the induced engine torque and is the engine time constant due to fuel/air injection.
stands for the time for one engine process, namely the power stroke to induction transport. Since the working principle of the rotary engine is different from the piston engine, this process time needs to be changed according to the characteristics of the rotary engine.
When the engine is decoupled from the generator, its rotational dynamics is governed by . While for the combustion powertrain, since the rotational dynamics of engine and generator are coupled, the explanation in detail is covered section 3.2) of this paper. The parameter values required for the modelling are shown in Table 1 .
Meanwhile, the engine fuel consumption rate is calculated using the static map, which is a function of the torque and engine speed (see Figure 3 ). This approach has been proven to give a satisfactory prediction of fuel consumption under different operating conditions [23] [24] . The brake specific fuel consumption (BSFC) values are used here to emphasize the trend of fuel consumption per KW. As shown in Figure 3 , the engine points better fuel economy per KW at the higher speeds. It is recommended that the engine operates in the range of rpm, in order to extend the lifecycle of engine while maintaining good fuel performance.
Figure 3 -Fuel consumption map of ICE
2) Motor/Generatora) Motor: The EMRAX228 is a permanent magnet synchronous motor/generator (PMSM/PMSG). In the present work, the frame is introduced to force all sinusoidally varying inductances to become constants. Under some assumptions [25] , the dynamic behaviour of the three-phase PMSM can be described by the differential equations, in the rotor reference frame [26] , as follows:
where and are the and axis stator voltages, whereas and are the and axis stator currents. and are the and axis stator inductances, respectively. and are the and axis stator flux linkages, while is the magnet mutual flux linkage. represents the stator resistance and is the inverter frequency.
Without considering the inertia of the output shaft, the equation of the motor dynamics, namely the rotational dynamics of the electric powertrain is: ,
in which is the rotor speed, is the moment of inertia, and is the load torque caused by the rotating of the propeller. The electromagnetic torque ( ) produced by the motor is given in [26] : ,
where is the number of pole pairs and the inverter frequency is related to the rotor speed with . It should be noted that the right hand side of equation (6) is obtained by forcing to zero. Thus, can be represented as .
On the other hand, the motor torque loss ( ) including friction loss and damping is approximated by the efficiency map from the manufacturer (see Figure 4) . The efficiency is defined as: ,
in which stands for the total electromagnetic power and is expressed by [27] :
According to mechanical characteristics under equilibrium conditions, the torque loss acting on the rotor is: ,
By substituting equations (6)- (9), a quadratic equation of can be addressed: ,
where . Different from the study in [27] , since the torque loss is apparently related to other variables (see Figure 5 ), it is not approximated by the function that is only dependent on rotor speed. The torque loss is given as a function of electromagnetic torque and rotor speed so as to integrate the loss into the model. An algebraic representation will be studied in future work. 
Please note that, with respect to the combustion powertrain, the rotational dynamics of engine is coupled into the generator. Thus, the ICE torque and its inertia need to be transferred into the coordinate of the PMSG. Without considering the inertia of rotating shaft and propeller, the rotational dynamics of the generator is governed by the following equation: ,
in which is the generator rotor speed. is the mechanical torque applied by the ICE, whereas is the load torque caused by the propeller. and are the inertia of the engine and generator, respectively. The electromagnetic torque ( ) and power ( ) of generator are: ,
and ,
if the vector control is applied. Likewise, the generator torque loss ( ) is related to driving torque with:
The efficiency is given by:
. Following the similar deduction of , a quadratic equation of can also be addressed. Consequently, the loss estimation of motor and generator are both shown in Figure 5 . It is obvious that the torque loss develops quickly when the speed is above rpm or the torque is higher than N*m for both motor and generator mode. Besides, the torque loss increases with the increase of torque when the torque is under N*m, while the variation of speed have no large influence on the torque loss. More importantly, the minimum loss of the motor is around rpm and N*m. These characteristics are the same for the generator.
The parameters of PMSM/PMSG required for the modelling are shown in Table 2 .
c) Control:
The control of PMSM/PMSG can be separated into three loops (see Figure 6 ): vector control, torque control and speed control. All control loops are realized as PI controllers. To convert AC motors into equivalent DC motors which is separately excited, the vector control is used to recreate the orthogonal flux by controlling and , respectively [25] . Then, the torque following is achieved by forcing to zero and regulating . Similarly, the required speed is obtained by controlling the torque. This control structure can accept both speed and torque references. Meanwhile, the transition between two control modes is governed by the supervisory control. 
, (19) in which is the DC voltage/current drawn by the inverter/rectifier from the DC/DC converter, and , are continuous duty cycle functions in the and axis, respectively. The instantaneous values of and can be obtained from the actual values of , and .
3) Battery-There are basically three types of battery models reported in the existing literature: experimental, electrochemical and electric-circuit based. The main purpose of battery modelling is to present its charge/discharge characteristics and predict the SOC which is important for the energy management. Therefore, experimental models seem inadequate while electrochemical models are too complex. An electric-circuit battery model based on the work presented in [29] is used. This model follows the approach proposed by Shepherd in 1965 [30] 
, (22) where is the battery open circuit voltage, is the battery constant voltage, is the filtered current obtained by a lowpass filter, is actual battery charge, is the polarization resistance ( ), is the battery capacity, is the exponential voltage coefficient ( ), is the exponential capacity coefficient (
). The filtered current is used to reproduce a slow dynamic behaviour of voltage for a current step response, which is more compatible with the experimental results [29] . Finally, the output voltage is obtained by , in which is the output current and represent the internal resistance.
The parameters of LiPo battery required for the modelling are shown in Table 3 . 
B. Rule-Based Control
The main function of supervisory controller of the hybrid propulsion system is to improve the high-level vehicle performance, e.g. fuel economy and powertrain efficiency, covering the complete flight mission. In this part of the investigation, only the engine fuel consumption is taken into consideration. Therefore, the engine Idea Operating Line (IOL) with a rule-based control is introduced in this study. The IOL is an optimum condition at which the fuel consumption per KW is minimal at steady state [31] . Thus, operating at the IOL can achieve the least fuel consumption of the engine. A rule-based controller, essentially, is a set of rules that determines which driver is suitable to use and how much power applied in the engine and motor/generator, separately. Therefore, it can ensure that the engine operates at its fuel economy optimum point by using IOL.
1) Ideal
Operating Line-Typically, the fuel consumption map and the power map are required to determine the IOL for an engine. Next, the power map is overlapped on the fuel map and then points with the lowest fuel consumption can be calculated. Those points constitute the IOL and give the value of BSFC, fuel consumption, torque, and power at the IOL (see Figure 7) .
Figure 7 -Fuel consumption, torque, and power at ideal operating line of ICE
As shown in the Figure 7 , the optimum BSFC decreases with the increasing of the speed and experiences a steady phase between -rpm; while the real fuel flow has an opposite trend. These imply that RT300 has higher fuel efficiency at the higher speeds when runs at the minimum fuel consumption condition. Also, the engine reaches a relatively high torque around rpm and rpm. In addition, a rapid change occurs roughly at rpm for all variations.
2) Control Strategy-The control strategy developed in this project takes the power requirement and SOC as the main decision variables. There are four main operating modes in this rule-based control scheme: Electric Mode, Fuel Mode, Charge Mode and Combined Mode.
(1) The first is the Electric Mode, it is engaged when there is an engine failure or the 'stealth flight mode' is required. In this mode, the motor is the main driver and the engine is disengaged from the power train. The motor is powered by the energy stored in the battery;
(2) The second is the Fuel Mode, in which the aircraft is driven by the engine and the battery is not being charged. Put differently, the SOC of the battery is at a high level and no charging is required; (3) The third is the Charge Mode, it is similar to the Fuel Mode but in this mode the motor/generator operates as a generator to charge the battery. The Charge Mode has two divisions: Extra Charge Mode and Regular Charge Mode it depends on the availability of extra power. When the power request of the engine is lower than the corresponding power at IOL, the controller will select the Extra Charge Mode. On the other hand, the Regular Charge Mode is selected when the SOC of battery is under a certain level. Besides, in the Regular Charge Mode, the power required to charge is managed by the algorithm taking into consideration SOC as the main decision variable. Thus, the current is relatively high and even higher at the lower SOC;
(4) Finally, the Combined Mode is developed to handle the situation where the engine or motor cannot meet the power demands separately. This mode can be also used to enable the engine to operate at the minimum fuel consumption state by combining motor power.
The flow chart in Figure 8 illustrates the rules logic to switch between the different operating modes. If the engine fails, the Electric Mode is selected. If the power requirement is higher than the maximum power of engine or motor, the HEPS enters the Combined Mode; otherwise, the supervisory controller will compare the power requirement with the IOL power if the 'stealth flight' is not requested it will enter the Charge Mode. The Charge Mode is separated into Extra Charge Mode and Regular Charge Mode. If none of above three modes is feasible, then the HEPS will enter into the Fuel Model.
C. Integration of Models and Supervisory Control
Typically, the complete parallel HEPS constitutes components models and the supervisory controller (see Figure 9 ). The coupling device is modelled as a switch, which is responsible for the transition between combustion powertrain and electric powertrain. As mentioned previously, the optimal speed range of the engine and motor/generator is around rpm and rpm, respectively. To obtain the best match when the engine and motor/generator operate together, the ratio of reduction gear is configured to . With regards to the DC/DC converter, only the efficiency of the power conversion is taken into consideration. Figure 9 illustrates the signal flow between different model blocks and controller, where the direction of the arrow implies the decision-making of one signal (variation). In other words, the block (models or controller) where the arrow starts from is the device to determine the values of variations. Here, the control signals from the supervisory controller are represented by dash lines, while dotted lines denote variations fed back to the supervisory controller.
The power requirement (
) is dependent on the propeller torque ( ) and power requirement from the payloads (for our system it is estimated to be around W). Following this, the rule-based controller decides the operating condition ( ) and speed or torque reference of the engine and motor/generator, according to from the aircraft and the SOC of the battery. The engine torque then transits to the motor/generator via mechanical coupling devices. Meanwhile, the motor/generator selects its control mode (torque or speed control) and operating mode (motor or generator) and finally output the torque to the propeller. The discharge/charging process is also managed by the supervisory controller.
RESULTS AND ANALYSIS

A. Validation of Engine Model
By coupling the engine and motor, the motor/generator can work as a generator and the extra power produced can be used to charge the battery when its SOC is low. The results in Figure 10a show the speed tracking performance of the engine when it is driving the propeller. The speed tracking function is performed by the ECU. As shown in the graph, the engine follows the reference speed ( rpm) profile from the initial speed ( rpm) within a reasonable rising time (around sec) and without overshooting. Then, the approximation of steady-state characteristics of the engine model is verified by comparing the simulation data with experimental measurements. Figure 10b shows the torque and power percentage error under different steady states. For the speed range considered, the calculated error is always less than . It is worth mentioning that experiments were conducted in the speed range rpm to protect the engine from overheating or permanent damage.
B. Simulation of Propulsion System-Test cases
This section presents the simulation results of the entire hybrid propulsion system using two different hypothetical flight test scenarios. The first aims to verify the transition performance between different modes. The second one illustrate that the rule-based control can guarantee the engine to operate at the optimal fuel economy condition, i.e. IOL. Therefore, test case 1 only contains level-flight and climbing; while test case 2 simulates a complete flight mission that includes take-off, climbing, cruising, and landing phases. Figure 11 and Figure 12 show the simulation results using the first hypothetical flight test scenario. The aircraft is flown using the ICE and electric motor for the first seconds. Past seconds, the electric motor takes over and powers the aircraft (i.e. Electric Mode). In the first phase between sec. the Extra Charge Mode is activated following relatively low power request for flying and then again between sec., the battery is charged up prior to transiting to the Electric Mode. The regular charging mode is activated between sec. A short period to test the Combined Mode is performed between sec. The Fuel Mode is in control for the rest time. Please note that to verify the control logic and analyse the control performance, a Regular Charge Mode is activated just for a short period by increasing the value of 'charge_soc' (see Figure 8 ) using the external command. What's more, to enable the Fuel Mode, the condition on entering the Combined Mode is set to when power requirement is higher than the maximum engine power in this test.
1) Test case 1-
As shown in top graph Figure 12 , the engine and motor/generator can both follow the torque reference with a good performance with their low-level controller (speed or torque controller). However, the torque deviation occurs at the transition between Fuel Mode and Regular Charge Mode. The relatively big perturbation at Combined Mode switch is due to a significant change in the total power requirement. After being disengaged, the motor/generator continues to follow the torque requirement while the engine shaft rotates with no load, i.e. output torque is zero.
The relationship between torques in Figure 12 can provide more insight into how the system is operating. The torque requirement is the sum of engine and motor/generator torque, described as . It should be noted that the value of torque, which is displayed with the blue solid line, is deduced by multiplying the torque of the engine with the gear ratio. Hence, the relationship between the components torque and torque requirements is more intuitive to verify. It can be clearly seen that is higher than during sec, and sec, which implies that the extra power from engine is utilized to charge the battery via the generator. Whereas, the motor contributes to driving the propeller when is lower than during the Combined Mode (the time interred between sec). Then, the engine torque decreases to zero and the motor provides all the requested torque. Figure 13 and Figure 14 show the simulation results of a ten minutes flight. The aircraft takeoff run is in the first sec and then continue to climb to the indicated cruise height during sec. Past seconds, the aircraft is in cruise phase for around sec and finally landing process is activated. The power requirement of the above illustrated flight mission is shown in Figure 13 . As opposed to the first case, in this second case the engine and motor/generator are available during the entire flight mission, i.e. the Electric Mode will not be activated. As a result, the HEPS spends most of time in Charge Mode and Combined Mode and nearly no time to enter the Fuel Mode. The supervisory controller focuses on power distribution between the engine and motor/generator. As shown in Figure  13a , except for the take-off and landing phases, the engine runs at a constant power with high efficiency and this can also indirectly extend the engine life. The power from the motor is used to compensate for the difference between the engine power and demanded power requirement.
2) Test case 2-
The battery results provide an insight into the battery voltage, current and SOC during this ten-minute hypothetical flight. It indicates the same operating principle as shown in the power profiles, but provides more information on charging/discharging cycle. It is already known that the extra charging power is obtained by comparing with the IOL, so the charging in the Extra Charge Mode ( sec and sec) is usually slow. Moreover, in this test case the battery charging current is much smaller than the discharging current. Given that in most flights this will be the case, it is recommended that the battery SOC should be kept high during the complete flight mission just in case of an emergency, for example in case of an engine failure.
From Figure 14 , it can be concluded that the engine not only operate at near constant power (see Figure 13a) , it can actually operate on the IOL. Put it differently, the designed rule-based energy management controller can ensure the minimum fuel consumption of the complete powertrain. In fact the simulation shows that for the same mission, under the same flight conditions, the aircraft equipped with the HEPS can have at least better fuel economy, in comparison with an engine only powered aircraft. 
CONCLUSION
This paper presented the modelling and control of a HEPS designed for UAVs. The main characteristics of the complete system were highlighted. Part of the complete parallel hybrid powertrain was simplified in order to focus on the three components that have a significant impact on the system performance namely, the battery, engine and electric motor/generator. It also made the model development and control design easier to implement.
The engine model was validated by analysing the tracking performance and comparing simulation results with experimental data. The model provided an insight in the inherent relationship between the throttle command and the torque output. One of the advantages of this model is the low computational time since extra calculations of the engine torque loss is not needed. With respect to the model of motor/generator, the torque loss is always important to approximate the behaviour at steady state. The efficiency map was used and the torque loss function is developed, though a further research is required to obtain the algebraic representation. The reduction gear ratio (engine output shaft speed to motor/generator) is fixed at 2.2. This is to maximize the lifespan of the motor/generator.
Since the project is still at an early stage and the system is currently being developed. For the control strategy, a rulebased energy management strategy was developed on the basis of analysing the engine IOL. The transition between operating modes and components behaviours were tested in simulation using a hypothetical 300 seconds flight test case 1, during which all operating modes of the HEPS were tested. Test case 2 validates that the designed energy management control can realize system power distribution and optimal operation. For the energy management strategy, the fuel consumption is the only optimisation criteria. Future works include the development of advanced controllers; formatting the problem as a multi-objective optimization problem and modelling of some of the subcomponents in more details. 
